The delta family of ionotropic glutamate receptors consists of glutamate delta-1 (GluD1) and glutamate delta-2 receptors. We have previously shown that GluD1 knockout mice exhibit features of developmental delay, including impaired spine pruning and switch in the N-methyl-D-aspartate receptor subunit, which are relevant to autism and other neurodevelopmental disorders. Here, we identified a novel role of GluD1 in regulating metabotropic glutamate receptor 5 (mGlu5) signaling in the hippocampus. Immunohistochemical analysis demonstrated colocalization of mGlu5 with GluD1 punctas in the hippocampus. Additionally, GluD1 protein coimmunoprecipitated with mGlu5 in the hippocampal membrane fraction, as well as when overexpressed in human embryonic kidney 293 cells, demonstrating that GluD1 and mGlu5 may cooperate in a signaling complex. The interaction of mGlu5 with scaffold protein effector Homer, which regulates mechanistic target of rapamycin (mTOR) signaling, was abnormal both under basal conditions and in response to mGlu1/5 agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) in GluD1 knockout mice. The basal levels of phosphorylated mTOR and protein kinase B, the signaling proteins downstream of mGlu5 activation, were higher in GluD1 knockout mice, and no further increase was induced by DHPG. We also observed higher basal protein translation and an absence of DHPG-induced increase in GluD1 knockout mice. In accordance with a role of mGlu5-mediated mTOR signaling in synaptic plasticity, DHPG-induced internalization of surface a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunits was impaired in the GluD1 knockout mice. These results demonstrate that GluD1 interacts with mGlu5, and loss of GluD1 impairs normal mGlu5 signaling potentially by dysregulating coupling to its effector. These studies identify a novel role of the enigmatic GluD1 subunit in hippocampal function.
Introduction
Glutamate delta-1 (GluD1) and glutamate delta-2 (GluD2) constitute the delta subfamily of ionotropic glutamate receptors. GluD1 is widely expressed in the brain, with high levels in the hippocampus (Lomeli et al., 1993; Yadav et al., 2012; Hepp et al., 2014; Konno et al., 2014; Gupta et al., 2015) . Among the ionotropic glutamate receptors, delta receptors are unique in that they do not exhibit agonist-induced current in a heterologous expression system. However, GluN1 subunit ligands, such as D-serine and glycine, bind to the ligandbinding domain and induce conformational change in the GluD1 receptor (Naur et al., 2007; Yadav et al., 2011) . We have recently shown that loss of GluD1 in a mouse model leads to abnormal social and emotional behaviors, including social interaction deficits and repetitive behavior (Yadav et al., 2012 (Yadav et al., , 2013 Gupta et al., 2015) . We also observed specific cognitive deficits in hippocampus-dependent contextual fear learning and reversal learning in GluD1 knockout (KO) mice (Yadav et al., 2012 (Yadav et al., , 2013 . More recently, we have found that loss of GluD1 produces molecular phenotypes relevant to autism and developmental delay, including impaired dendritic spine pruning and switch in N-methyl-D-aspartate (NMDA) receptor GluN2B to the GluN2A subunit in the hippocampus and prefrontal cortex (Grossman et al., 2006; Penzes et al., 2011; Swanger et al., 2011; Gupta et al., 2015) . Indeed, singlenucleotide polymorphism and copy-number variation studies have identified the GRID1 gene, which codes for GluD1, as a susceptibility gene for autism, schizophrenia, bipolar disorder, and major depression (Fallin et al., 2005; Glessner et al., 2009; Smith et al., 2009; Greenwood et al., 2011; Nord et al., 2011; Edwards et al., 2012; Griswold et al., 2012) .
Recent expression studies demonstrated that the general pattern of GluD1 expression is quite similar to that of metabotropic glutamate receptor 5 (mGlu5)-in particular, they are predominantly expressed in the cortex, hippocampus, and striatum in the forebrain region (Shigemoto and Mizuno, 2000; Hepp et al., 2014; Konno et al., 2014) . Moreover, at a subcellular level, GluD1 (similar to mGlu5) is localized postsynaptically at perisynaptic/extrasynaptic sites (Lujan et al., 1996; Hepp et al., 2014) . In addition, the behavioral and synaptic deficits that we observe in the GluD1 KO, including impaired NMDA receptor subunit switch and impaired pruning, are deficits observed in mouse models with mGlu5 dysfunction (Vanderklish and Edelman, 2002; Xu et al., 2009; Matta et al., 2011; Cruz-Martin et al., 2012) . Moreover, a recent study demonstrated ion channel gating of GluD2 when coexpressed with mGlu1 (Ady et al., 2014) . Based on this converging evidence, we hypothesized that GluD1 and mGlu5 are part of a common signaling complex, and that mGlu5 signaling will be impaired in GluD1 KO. Our results demonstrate that GluD1 and mGlu5 colocalize and coimmunoprecipitate in the hippocampus, and loss of GluD1 impairs Homer-mGlu5 interaction and the downstream mechanistic target of rapamycin (mTOR) signaling pathway. Additionally, a deficit in mGlu5-mediated a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor internalization was found in GluD1 KO. Together, our data provide evidence for a novel role of GluD1 in the regulation of mGlu5 signaling in the hippocampus.
Materials and Methods

Animals
The GluD1 KO mice were obtained from Dr. Jian Zuo (St. Jude Children's Hospital, Memphis, TN) (Gao et al., 2007 ) and maintained as previously described (Yadav et al., 2012) at a constant temperature (22 6 1°C) and a 12-hour light-dark cycle with free access to food and water. Only male mice were used for these studies. In this study, strict measures were taken to minimize pain and suffering to animals in accordance with the recommendations in the Guide for Care and Use of Laboratory Animals of the National Institutes of Health. All experimental protocols were approved by the Creighton University Institutional Animal Care and Use Committee.
Reagents
(RS)-3,5-dihydroxyphenylglycine (DHPG), (RS)-2-chloro-5-hydroxyphenylglycine (CHPG) (Abcam, Cambridge, UK), 2-methyl-6-(phenylethynyl)pyridine (MPEP), and DL-2-amino-5-phosphonopentonoic acid (DL-AP5) (Tocris Bioscience, Bristol, UK) were used in this study. Stock solutions were prepared with recommended solvents, either water (DHPG, CHPG), dimethylsulfoxide (MPEP), or equimolar NaOH (DL-AP5), and stored at 220°C. Final concentrations for the in vitro treatment were prepared by diluting stock solutions with artificial cerebrospinal fluid (aCSF). Stock solutions for DHPG and CHPG were used within a week of preparation. The mGlu5 construct was provided by Dr. Shigetada Nakanishi (Osaka Bioscience Institute, Osaka, Japan), and the hemagglutinin-GluD1 (HA-GluD1) construct was a gift from Dr. Michisuke Yuzaki (Keio University, Tokyo, Japan).
Immunohistochemistry
For immunohistochemistry, animals were anesthetized with isoflurane and transcardially perfused with ice-cold fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). After perfusion, brains were removed and immersed in the same fixative overnight at 4°C. Tissue blocks were washed thoroughly in 0.1 M PB (three times). Coronal 60-mm-thick sections were cut on a Vibratome (VT1000; Leica, Buffalo Grove, IL). Thereafter, sections were incubated in 10% normal goat serum (NGS) diluted in 50 mM Tris buffer (pH 7.4) containing 0.9% NaCl [Tris-buffered saline (TBS)], with 0.2% Triton X-100, for 1 hour. Subsequently, sections were incubated in anti-GluD1 antibody [gift from Dr. Ludovic Tricoire (Centre National de la Recherche Scientifique, Paris, France)] at 1:15,000 dilution in TBS containing 1% NGS overnight at 4°C. After washing three times (5 minutes each) with PB, sections were incubated with secondary antibody goat anti-rabbit Alexa Fluor 647 (1:500, diluted in TBS containing 1% NGS) (ThermoFisher Scientific, Waltham, MA) for 2 hours at room temperature. Finally, sections were mounted on a glass slide after washing (three times, 5 minutes each) with PB, and a coverslip was placed after adding Fluoromount-G (Southern Biotechnology Inc., Birmingham, AL). Images were obtained using a Leica TCS SP8 MP confocal microscope at 1024 Â 1024 pixels. A threshold was set for imaging based on minimal nonspecific staining in knockout sections.
For colabeling following GluD1 staining, the sections were blocked in 10% normal donkey serum (NDS) diluted in 50 mM Tris buffer (pH 7.4) containing 0.9% NaCl (TBS), with 0.2% Triton X-100, for 1 hour. Subsequently, sections were incubated in anti-mGlu5 antibody (1:1000 diluted in TBS containing 1% NDS; number AB5675; EMD Millipore, Temecula, CA) overnight at 4°C. After washing three times (5 minutes each) with PB, sections were incubated with secondary antibody donkey anti-rabbit Alexa Fluor 488 (1:500, diluted in TBS containing 1% NDS) for 2 hours at room temperature. Finally, sections were mounted on a glass slide after washing (three times, 5 minutes each) with PB, and a coverslip was placed after adding Fluoromount-G.
Immunoprecipitation
Immunoprecipitation of mGlu5 from Synaptosomal Membrane Fraction. The synaptic plasma membrane fraction was prepared according to the procedure described previously (Blackstone et al., 1992) . In brief, the hippocampus was dissected from mice at 4 weeks of age and homogenized in 10 volumes of buffer (0.32 M sucrose, 4 mM HEPES, pH 7.4). The homogenate was centrifuged (1000g for 10 minutes at 4°C), and the resulting supernatant was again centrifuged (10,000g for 15 minutes at 4°C). The pellet obtained from the aforementioned step was suspended in 10 volumes of HEPES-buffered sucrose and centrifuged (10,000g for 15 minutes at 4°C) to yield the washed crude synaptosomal fraction. The resulting pellet was lysed by hypo-osmotic shock in 9 volumes of ice-cold water with protease/phosphatase inhibitors, and thereafter homogenized. The concentration of HEPES was adjusted rapidly to 4 mM, and the mixture was stirred constantly for 30 minutes at 4°C to ensure complete lysis. The lysate was centrifuged at 25,000g for 20 minutes at 4°C, and the resulting pellet was suspended in HEPES-buffered sucrose, layered onto a discontinuous sucrose gradient containing 0.8/1.0/1.2 M sucrose, and ultracentrifuged (150,000g for 2 hours at 4°C). The fraction at the 1.0/1.2 M sucrose interface was isolated as the synaptic plasma membrane, and the protein concentration was determined. For immunoprecipitation, 100 mg of protein was incubated with 2 mg of mGlu5 antibody overnight at 4°C, followed by incubation with 30 ml of protein A/G agarose bead slurry for 4 hours at 4°C. The beads were washed with phosphate-buffered saline (PBS). The resulting beads were boiled in Laemmli's buffer for 10 minutes, and the supernatant was used for immunoblot of mGlu5 and GluD1.
Immunoprecipitation in Heterologous Expression System. Human embryonic kidney 293 (HEK293) cells were maintained in 60-mm sterile dishes in Dulbecco's modified Eagle's medium (1Â; containing 1 g/l D-glucose, L-glutamine, and 110 mg/l sodium pyruvate) supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. HEK293 cells were transfected at 60-70% confluency using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Twenty microliters of Lipofectamine was used for transfection of a single 60-mm dish. Cells GluD1 Regulates mGlu5 Signaling were transfected with either 4.5 mg of pCIneo GluD1 (Yadav et al., 2011) or pCAGGS HA-GluD1 (gift from Dr. M. Yuzaki) and 3.5 mg of pCIneo mGlu5 (gift from Dr. S. Nakanishi). Cells were collected 40-48 hours after transfection for immunoprecipitation studies. In brief, the culture dish was kept on ice and gently washed with 0.1 M PBS. Thereafter, the cells were scraped and collected in 150 ml of IP buffer (50 mM Tris, 120 mM NaCl, 1% NP40, pH 7.4) containing phosphatase inhibitor cocktail, protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), and phenylmethylsulfonyl fluoride (PMSF) (10 ml of each per 1 ml of IP buffer). The sample was subjected to three sonication pulses and centrifuged at 13,000g at 4°C for 10 minutes. The supernatant was collected and the protein concentration determined using the Bradford assay. Thereafter, immunoprecipitation and western blotting were performed. The protein was diluted to 1 mg/ml in the IP buffer. Two hundred micrograms of protein was taken for each sample type, and primary antibody (1 mg of antibody/100 mg of protein) was added and incubated overnight at 4°C with gentle rocking. Thirty microliters of protein A-agarose bead slurry was added (50% in PBS) to the aforementioned mixture and incubated for 4 hours at 4°C with gentle rocking. The mix was then microcentrifuged for 60 seconds at 2000 rpm at 4°C. The pellet was washed twice with 100 ml of 0.1 M PBS on ice. The pellet was resuspended in 20 ml of Laemmli's buffer and boiled for 5 minutes, and western blotting was performed.
Immunoprecipitation of Homer from Total Protein. For these experiments, brain sections were first prepared. Wild-type and GluD1 KO animals (24-30 days old) were anesthetized using isoflurane, then decapitated. The brain was isolated and mounted on the Vibratome (Leica VT 1000S), and 300-mm horizontal sections were obtained. The slice cutting solution consisted of 115 mM sucrose, 3.5 mM KCl, 24 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 10 mM glucose, 1 mM CaCl 2 , and MgCl 2 3 mM MgCl 2 . The procedures from brain isolation to Vibratome sectioning were performed under chilled conditions. After cutting, the sections were incubated in the aCSF, consisting of 122 mM NaCl, 3.5 mM KCl, 24 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 10 mM glucose, 2.4 mM CaCl 2 , and 2.5 mM MgCl 2 at 30°C for 1 hour and at room temperature thereafter, and used for experiments 2-3 hours after sectioning. The slices were placed on perforated inserts in a six-well plate. The slice cutting and incubation solutions were bubbled with 5% CO 2 at all times.
Horizontal hippocampal slices were either vehicle-treated or treated with 100 mM DHPG for 5 minutes (in the presence of 100 mM DL-AP5). After treatment, the slices were washed twice with aCSF and were allowed to incubate for 60 minutes in the aCSF. After incubation, the cornus ammonis 1 (CA1) region of the hippocampus was dissected on ice under a dissecting microscope using fine dissection instruments or using a tissue punch. The tissue was thereafter homogenized in IP buffer [50 mM Tris, 120 mM NaCl (pH 7.4), 0.5% NP40]. To pull down Homer, the lysates were incubate overnight with Homer antibody (dilution 1:100; Santa Cruz Biotechnology, Dallas, TX) at 4°C with gentle rocking. Protein A/G agarose bead slurry (Thermo Fisher Scientific, Waltham, MA) was washed twice with IP buffer, added to the lysates, and incubated at 4°C for 4 hours. The beads were then washed with IP buffer two times and recollected by centrifugation at 3500g for 1 minute. The beads were boiled in Laemmli's buffer for 5 minutes, supernatant was collected after centrifugation at 3500g for 1 minute, and western blotting was performed.
Western Blot Analysis
For estimation of protein kinase B (Akt), mTOR, and extracellular signal-regulated kinase (ERK) horizontal hippocampal sections were treated with vehicle or 100 mM DHPG for 5 minutes (in the presence of 100 mM DL-AP5). After the specified duration of incubation (0, 5, 15, and 60 minutes), slices were washed twice with aCSF under chilled conditions, and the CA1 region was dissected and immediately homogenized in RIPA buffer. The homogenates were sonicated (three pulses with 5-second intervals) and boiled in Laemmli's buffer for 5 minutes, and western blotting was performed. Rate of protein translation was evaluated using a puromycin assay as previously described (Schmidt et al., 2009) . In brief, after 2-3 hours of recovery, slices were incubated with puromycin antibiotic (5 mg/ml) in aCSF for 45 minutes. For mGlu1/5 activation, 100 mM DHPG (in the presence of DL-AP5) was applied for the first 5 minutes together with puromycin, followed by incubation with aCSF with puromycin alone. Thereafter, slices were chilled on dry ice, and the CA1 region was microdissected. The protein from the CA1 region was extracted, and western blot was performed for puromycin. Specificity of puromycin assay was determined in wild-type slices, where basal puromycin incorporation was found to be sensitive to protein translation inhibitor cycloheximide, and no nonspecific labeling was observed when puromycin was absent.
Protein samples were resolved on SDS-PAGE gel and transferred onto a nitrocellulose membrane. Membranes were blocked with 5% bovine serum albumin or milk in Tris-buffered saline/Tween 20 at room temperature for 1 hour and incubated with appropriate antibodies overnight at 4°C [mTOR, phospho-mTOR, Akt, phospho-Akt, ERK1/2, and phospho-ERK1/2 were used at 1:1000 (Cell Signaling Technology, Danvers, MA); Homer, 1:1000 (Santa Cruz Biotechnology); mGlu5, 1:500 (EMD Millipore); GluA1 subunit and GluA2 subunit, 1:1000 (EMD Millipore); actin, 1:1000 (ABR Affinity Bioreagents, Golden, CO); puromycin, 1:2000 (EMD Millipore); HA, 1:1000 (Covance, Princeton, NJ); and GluD1, 1:1000 (Alomone Laboratories, Jerusalem, Israel)]. The blots were incubated in appropriate secondary antibody prepared in 5% milk solution at room temperature for 1 hour. Blots were developed using an enhanced chemiluminescent kit (GE Healthcare, Piscataway, NJ). Images were taken using Precision Illuminator Model B95 (Imaging Research Inc., St. Catharines, Canada) with an MTI CCD 72S camera (Michigan City, IN) and analyzed using MCID Basic software, version 7.0 (Imaging Research). For analysis of protein expression, the optical density of each sample was normalized with appropriate controls. Each western blot data point in each group was obtained from a separate animal.
Assessment of Surface AMPA Receptor Subunits
Horizontal hippocampal slices from approximately 4-week-old animals were sham treated or treated with 100 mM RS-DHPG (in the presence of 100 mM DL-AP5) for 5 minutes. After treatment, the slices were washed three times with 5 ml of aCSF. For the specific mGlu5 and mTOR antagonist experiment, the slices were pretreated for 20 minutes with 10 mM MPEP or 200 nM rapamycin, respectively. For the mGlu5-specific agonist experiment, the slices were treated with CHPG (300 mM for 15 minutes). The slices were incubated for another 15 or 60 minutes before placing them on ice. The CA1 region of the hippocampus was dissected from the slices and incubated with N-hydroxysuccinimidobiotin biotin (1.5 mg/ml, made fresh immediately before use) for 1 hour on ice. After this step, to quench the biotinylation reaction, the slices were washed with 10 mM glycine solution in icecold aCSF and TBS for 5 minutes twice, followed by washing with aCSF for 5 minutes twice. The dissected slices were homogenized in RIPA buffer with 25 gauge needle. The homogenates were incubated over the ice for 10 minutes and sonicated with three pulses at 5-second intervals. Samples were centrifuged at 13,000g for 10 minutes, and supernatants were collected. Streptavidin beads were prewashed with binding buffer (0.1% SDS and 1% NP40 in 0.1 M PBS) and centrifuged at 3500g for 1 minute twice at 4°C to collect beads. For 3 mg of protein, 2 ml of reconstituted streptavidin bead slurry was used. A fraction of input samples was saved as total protein samples. From the remaining fraction, equal amounts of protein for each group were taken and diluted with RIPA buffer so that each sample would have an equal concentration (1 mg/ml). These samples were added to the streptavidin beads and incubated overnight at 4°C. After incubation, the beads were washed with binding buffer twice, and beads were collected by centrifugation at 3500g for 1 minute. The beads were boiled in Laemmli's buffer for 5 minutes. The samples were microcentrifuged at 3500g for 1 minute. The supernatant was collected (hereafter referred to as surface protein fraction), probed by western blotting, and normalized to input samples, which are referred to as total protein.
Results
GluD1 Interacts with mGlu5 in the Hippocampus. The general expression pattern of mGlu5 is very similar to that of GluD1, and at excitatory synapses, these two receptors appear to be located at the perisynaptic region (Lujan et al., 1996; Shigemoto and Mizuno, 2000; Hepp et al., 2014; Konno et al., 2014) . These findings suggest possible direct or indirect interactions between mGlu5 and GluD1 proteins. To further investigate this interaction, we performed colabeling experiments using a GluD1-specific antibody. As seen in Fig. 1A , the puncta for GluD1 (red) overlapped with mGlu5 puncta (green) at several places, producing distinct yellow puncta. This result shows that mGlu5 and GluD1 are expressed at a close proximity to one another in the hippocampus. Absence of GluD1 staining in GluD1 KO tissue confirmed the antibody specificity (Supplemental Fig. 1A ). Many of the puncta for GluD1 and mGlu5 also colocalized with PSD95 puncta, indicating that these are likely to be synaptic in nature (Supplemental Fig. 1B) . To further verify protein interaction between GluD1 and mGlu5, we performed coimmunoprecipitation in wild-type samples from the hippocampus and striatum, since both GluD1 and mGlu5 are highly expressed in these two regions. We found that GluD1 coimmunoprecipitated with mGlu5 in both the hippocampus and striatum ( Fig.  1B; Supplemental Fig. 1D ; experiments were repeated five times), demonstrating potential direct or indirect interactions between GluD1 and mGlu5 proteins. No immunoprecipitation was observed in GluD1 KO, demonstrating specificity of the pulldown (Fig. 1B) . The absence of the GluD1 band in GluD1 KO tissue confirmed the specificity of the antibody in western blotting (Supplemental Fig. 1C) .
We further tested whether GluD1 and mGlu5 may interact with each other by expressing these proteins in HEK293 cells. We used an HA-tagged GluD1 construct. As indicated in Fig.  1C , we performed pulldown for mGlu5 followed by western blotting for mGlu5, GluD1, and HA. We found that pulldown of mGlu5 from protein lysate of cells transfected with mGlu5 and HA-GluD1 showed HA and GluD1 immunoreactivity, indicating that mGlu5 and GluD1 coimmunoprecipitate. The specificity of these results was confirmed by transfecting cells with mGlu5 and HA-GluD1 and performing reciprocal immunoprecipitation of HA (HA-GluD1), which leads to pulldown of mGlu5. We also performed pulldown of mGlu5 from cells transfected with mGlu5 and GluD1 constructs (data not shown). This resulted in pulldown of GluD1, further confirming results from the use of HA-tagged GluD1 construct. It should be noted that we do not fully understand whether GluD1 and mGlu5 exhibit direct interaction, since endogenous Coimmunoprecipitation studies were performed where mGlu5 was immunoprecipitated from hippocamapal synaptosomal membrane fraction preparation, followed by western blotting for GluD1 and mGlu5. GluD1 protein was found to immunoprecipitate with mGlu5 protein. Experiments were repeated five times with protein collected from separate animals, and similar results were obtained. No GluD1 pulldown was observed in GluD1 KO tissue and when IgG alone was used, demonstrating specificity of immunoprecipitation. (C) mGlu5 and GluD1 interaction was tested in HEK293 cells. Cells were transfected with mGlu5 and HA-GluD1, and pulldown of mGlu5 or HA was performed from the protein lysate. GluD1 was found to coimmunoprecipitate with mGlu5. In addition, immunoprecipitation of HA (HA-GluD1) resulted in pulldown of mGlu5. The experiment was repeated five times with similar results. IB, immunoblot.
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proteins in HEK cells may coordinate an interaction between GluD1 and mGlu5. Further experiments are required to address this question.
Disruption of mGlu5-Homer Interactions in GluD1 KO. In light of the potential interaction between GluD1 and mGlu5, it is conceivable that loss of GluD1 may affect the scaffolding interactions of mGlu5 if GluD1 serves as a mediator of these interactions or helps stabilize these interactions. It is well known that mGlu5 interacts with long isoforms of Homer (Homer 1b, 1c, 2, and 3) , and the mGlu5-Homer interaction is critical for downstream mTOR signaling (Kato et al., 1998; Tu et al., 1999; Ronesi and Huber, 2008; Ronesi et al., 2012) . Using immunoprecipitation and western blotting, we assessed whether loss of GluD1 affects the mGlu5-Homer coupling. We first confirmed that loss of GluD1 did not affect the basal expression of mGlu5 ( Fig. 2A) . We next assessed Homer and mGlu5 interaction under basal conditions and after mGlu1/5 activation by DHPG (5-minute followed by 60-minute incubation) by performing pulldown for Homer from microdissected CA1 hippocampal tissue followed by western blotting for mGlu5. Degree of association was plotted as a ratio of optical density for mGlu5 over Homer, and all values were normalized to the average of the basal wild-type ratio (Fig. 2B) . Two-way analysis of variance (ANOVA) revealed a significant interaction effect (P , 0.001) as well as genotype (P , 0.01) and treatment (P , 0.05) effects in the mGlu5-Homer interaction. Further comparison between wild type and GluD1 KO under basal condition revealed a significantly lower mGlu5-Homer interaction in GluD1 KO (P , 0.05, unpaired t test; Fig. 2B ). Such lower interaction is also observed in FMR1 knockout and is proposed to lead to constitutive activation of mGlu5 (Ronesi et al., 2012) . We also found that the mGlu5-Homer interaction was reduced in wildtype animals after DHPG treatment (P , 0.05, unpaired t test). This is in accordance with sequestration of mGlu1/5 by Homer1a, which is translated locally in an activity-driven manner after DHPG treatment, thereby reducing the interaction of the long forms of Homer with mGlu1/5 (Kammermeier et al., 2000; Kammermeier and Worley, 2007) . However, it should be noted that others have reported an increase in mGlu5-Homer interaction after DHPG treatment (Rong et al., 2003; Hu et al., 2012) . These differences may be attributable to the use of a different model system and duration of mGlu5 agonist exposure. In GluD1 KO mice, we found that the interaction between the long Homer isoforms and mGlu5 is enhanced after DHPG treatment (P , 0.01; Fig. 2B ). This finding may be explained by potential disruption of normal activity-dependent modulation of mGlu5 scaffold in GluD1 KO (Gupta et al., 2015) . For example, loss of GluD1 may impair upregulation of the short-form Homer in response to mGlu5 activation, which may thereby prevent the sequestration of mGlu5.
Loss of GluD1 Leads to Basally Overactive mGlu5-Mediated Akt-mTOR Signaling in the Hippocampus. The mGlu5-Homer interaction is known to regulate the downstream mTOR signaling (Ronesi et al., 2012) . Activation of mTOR complexes, mTORC1 and mTORC2, downstream of mGlu5 activation leads to protein translation and actin reorganization, respectively, and is critical for functional and structural plasticity. We tested whether dysregulation of mGlu5-Homer interaction in GluD1 KO impacted the downstream mTOR signaling both under basal conditions and in response to mGlu1/5 agonist DHPG. We found that the basal levels of active mTOR and Akt (Ser2481 phospho-mTOR and Ser473 phospho-Akt) were higher in microdissected CA1 regions of the hippocampus in GluD1 KO (P , 0.01, unpaired t test; Fig. 3A ). Similar higher basally active mTOR and Akt were also observed in GluD1 KO in hippocampal synaptoneurosomes obtained from acutely dissected hippocampus, showing that these results were independent of sample preparation or brain slicing (data not shown). Furthermore, DHPG (100 mM for 5 minutes) was found to produce an increase in mTOR and Akt activation similar to previous reports (Hou and Klann, 2004; Ronesi and Huber, 2008) (P , 0.05, one-way ANOVA). However, this increase in mTOR and Akt activation was absent in GluD1 KO (Fig. 3A) , Fig. 2 . Reduced basal interaction of mGlu5 with the long isoform of Homer due to loss of GluD1. (A) GluD1 KO does not exhibit a detectable change in mGlu5 expression in total protein fraction from the CA1 region (N = 5). (B) Degree of interaction between mGlu5 and Homer was assessed in wild-type (WT) and GluD1 KO under basal conditions and in response to DHPG. Horizontal hippocampal sections were either sham treated with aCSF or treated with DHPG (100 mM, 5 minutes) followed by collection of total protein after 60 minutes. Immunoprecipitation was performed for Homer (long isoform) followed by immunoblotting for mGlu5 and Homer. Under basal conditions, the ratio of mGlu5/Homer was lower in GluD1 KO (*P , 0.05, unpaired t test). Treatment with DHPG reduced the interaction between mGlu5 and Homer in wild-type CA1 (#P , 0.05) but produced an increase in interaction in GluD1 KO ($$P , 0.01). Amount of mGlu5 and Homer in the total lysate used for immunoprecipitation was unaltered between wild-type and GluD1 KO or by treatment. N = 3 mice/genotype. The optical density was normalized to control value for individual experiments. Additionally, the individual control values were normalized to average of control. IB, immunoblot.
suggesting potential occlusion or saturation of this pathway. No difference in the basal phospho-ERK level was observed, indicating specificity of this effect for the Akt-mTOR pathway (data not shown). Using a pharmacological approach, we further addressed whether enhanced mGlu5 signaling underlies the upregulation in the Akt-mTOR pathway. We found that the higher basal levels of phospho-mTOR (P , 0.01) and phospho-Akt (P , 0.05) in GluD1 KO CA1 were significantly reduced with selective mGlu5 antagonist MPEP (Fig. 3B) , suggesting that overactive mGlu5 signaling at least partly underlies the higher Akt-mTOR pathway. The mTORC1 pathway mediates protein translation, which initiates synaptic plasticity and long-term depression upon mGlu1/5 activation. Thus, we further tested whether basal and DHPGinduced rate of protein translation is altered in GluD1 KO using the puromycin incorporation assay. Two-way ANOVA revealed a significant genotype effect in puromycin incorporation (P , 0.05). In agreement with an increase in protein translation in response to mGlu1/5 activation, we observed higher puromycin incorporation in wild-type slices treated with DHPG (P , 0.05, unpaired t test ; Fig. 3C) ; however, DHPG-induced increase in puromycin incorporation was absent in GluD1 KO slices. Together, these findings demonstrate that loss of GluD1 leads to basally upregulated mGlu5-mediated Akt-mTOR signaling, which potentially saturates and impairs further activation in response to mGlu1/5 agonist DHPG and impacts protein translation.
Abnormal mGlu5-Mediated AMPA Receptor Internalization Due to Loss of GluD1. Activation of mGlu5 leads to a protein-translation-dependent increase in mediators involved in AMPA receptor endocytosis (Snyder et al., 2001; Bear et al., 2004) . Since mGlu5-mediated protein synthesis was abolished by GluD1 deletion, we investigated whether mGlu5-mediated AMPA receptor internalization was also affected in GluD1 KO. Using surface biotinylation as an assay, we quantitatively tested whether endocytosis of surface AMPA receptor subunit GluA1 is affected in GluD1 KO. We measured the surface and total GluA1 expression in wild-type, Fig. 3 . Elevated basal levels of phospho-Akt (p-Akt) and phospho-mTOR (p-mTOR) and lack of DHPG-induced p-Akt and p-mTOR increase in GluD1 KO. (A) Total protein from CA1 region of hippocampal horizontal sections was collected either with aCSF control treatment or after treatment with DHPG (100 mM, 5 minutes) for various times. Higher basal levels of p-mTOR (Ser2481) and p-Akt (Ser473) were observed in GluD1 KO (**P , 0.01, unpaired t test). An increase in p-mTOR and p-Akt levels was observed in the CA1 region in wild-type (WT) mice from 0 to 5 minutes after treatment with DHPG (#P , 0.05 compared with wild-type control, one-way ANOVA), but this increase was absent in GluD1 KO (N = 5-8 for each group). (B) Pretreatment with mGlu5-specific inhibitor MPEP (10 mM for 20 minutes) reduced the elevated p-mTOR and p-Akt levels in the GluD1 KO CA1 region (N = 4; *P , 0.05, **P , 0.01 compared with GluD1 KO control, unpaired t test). (C) A significant genotype effect was observed in the puromycin incorporation assay to detect protein translation (N = 6; P , 0.05, two-way ANOVA). In addition, a significant increase in puromycin incorporation was observed with DHPG in wild-type slices (*P , 0.05, unpaired t test); however, this effect of DHPG was absent in GluD1 KO slices. CT, control.
GluD1 heterozygous, and GluD1 KO CA1 hippocampus in response to DHPG. Two-way ANOVA analysis of the ratio of surface to total GluA1 expression revealed a significant interaction (P , 0.01) and genotype effect (P , 0.001) in the level of GluA1 subunit internalization. Furthermore, we found that DHPG (100 mM) caused a significant reduction in surface GluA1 in CA1 hippocampus from wild-type mice (P , 0.01, one-way ANOVA) in accordance with a role of mGlu1/5 in synaptic depression. However, this reduction in GluA1 surface expression was absent in GluD1 KO mice, and in fact, an opposite trend was observed (P , 0.05, one-way ANOVA; Fig.  4A ). Similar impairment in internalization of the GluA2 subunit of AMPA receptors was also observed in GluD1 KO (data not shown). Moreover, internalization of GluA1 was absent in slices prepared from GluD1 heterozygous animals, demonstrating that lower expression of GluD1 is sufficient to impair DHPG-induced AMPA receptor internalization (Fig.  4A) . Additional experiments using mGlu5-specific inhibitor (MPEP) and agonist (CHPG) demonstrated that the effects of AMPA receptor internalization were specific to mGlu5 activation. Specifically, internalization of GluA1 by DHPG was blocked in wild-type slices in the presence of MPEP (Fig. 4B) . Furthermore, the mGlu5-selective agonist CHPG produced internalization in wild-type slices (P , 0.05) but not in GluD1 KO slices (Fig. 4C) . Such aberrant synaptic plasticity mechanisms may explain some of the learning and memory deficits in GluD1 KO, especially a deficit in hippocampus-dependent reversal learning of a spatial memory task (Yadav et al., 2013) .
Discussion
Recent studies demonstrate that GluD1 is enriched in the forebrain as well as the cerebellum during both early development and adulthood (Hepp et al., 2014; Konno et al., 2014) . GluD1 is particularly abundant in the hippocampus, with high mRNA and protein expression in pyramidal neurons (Hepp et al., 2014) . In addition, electron microscopy analysis demonstrates that GluD1 is located postsynaptically at excitatory synapses in the hippocampus (Hepp et al., 2014) . We have recently identified a critical role of GluD1 in the development of excitatory synapses in the hippocampus as well as the prefrontal cortex. Specifically, loss of GluD1 prevents the normal developmental pruning of dendritic spines and leads to a higher number of excitatory synapses in adulthood (Gupta et al., 2015) . Loss of GluD1 also impairs the normal switch from GluN2B to GluN2A NMDA receptor subunit in the hippocampus and cortex (Gupta et al., 2015) . Here, we report that GluD1 colocalizes and interacts with the mGlu5 receptor Fig. 4 . GluD1 deletion leads to abnormal mGlu5-mediated AMPA receptor internalization in acute hippocampal slices. (A) Biotinylation assays to detect changes in surface expression of GluA1 were performed in horizontal sections from wild-type (WT), GluD1 heterozygous, and GluD1 KO mice. DHPG (100 mM, 5 minutes in the presence of NMDA receptor antagonist) produced a reduction in surface GluA1 expression in wild-type sections (**P , 0.01, one-way ANOVA; N = 6-8 for each data point). In GluD1 KO, no reduction in the surface expression was observed, whereas a contrasting increase in surface GluD1 expression was observed after 15 minutes of DHPG treatment (*P , 0.05, one-way ANOVA; N = 7-9). Impaired internalization of surface GluA1 was also observed in GluD1 heterozygous mice (*P , 0.05, one-way ANOVA; N = 3). (B) DHPG treatment induced significant reduction in surface GluA1 in slices prepared from the wild type (*P , 0.05, unpaired t test compared with respective control) and an opposing increase in surface GluA1 expression in GluD1 KO animals (*P , 0.05, unpaired t test compared with respective control). Pretreatment with mGlu5-specific antagonist MPEP inhibited GluA1 internalization in wild-type slices, indicating the requirement of mGlu5 in this effect (N = 4-5). A significant difference was also observed between DHPG and DHPG+MPEP in wild-type as well as GluD1 KO (#P , 0.05 and ##P , 0.01, unpaired t test), supporting the requirement of mGlu5 in the effects produced by DHPG. (C) mGlu5-selective agonist CHPG leads to internalization of GluA1 in wild-type slices (*P , 0.05, unpaired t test), which was blocked by MPEP treatment. However, CHPG application failed to induce GluA1 internalization in GluD1 KO (N = 3). In each case, treatment groups were normalized to sham control of the respective genotype. Ctrl, control; Het, heterozygous.
in the hippocampus and striatum, regions where abundant expression of these receptors is observed (Shigemoto and Mizuno, 2000; Konno et al., 2014) . Moreover, the mGlu5 interaction with scaffold protein Homer and downstream Akt-mTOR pathway is dysregulated in the absence of GluD1. An interaction between delta receptors and mGlus has precedence from previous studies. In particular, studies indicate a reciprocal interaction between GluD2 and mGlu1 receptors in the cerebellar Purkinje cells. GluD2 physically associates with mGlu1, PLCg, and TRPC3 channels in Purkinje cells and regulates mGlu1 function (Uemura et al., 2004; Kato et al., 2012) , whereas activation of mGlu1 appears to induce gating of GluD2 (Ady et al., 2014) . Our data demonstrate that this interaction may extend to GluD1 and mGlu5 in the forebrain, which may serve as a mechanism to regulate excitatory synapses.
The G q -coupled mGlu5 is highly expressed at excitatory synapses in the CA1 hippocampal neurons (Lujan et al., 1996) and contributes to a number of postsynaptic functions in the central nervous system, such as increased neuronal excitability, intracellular Ca 21 increase, synaptic plasticity, and pain (Snyder et al., 2001; Ireland and Abraham, 2002; Gubellini et al., 2003; Rae and Irving, 2004) . Homer proteins are known to link mGluRs to other postsynaptic density proteins (Shiraishi-Yamaguchi and Furuichi, 2007; Niswender and Conn, 2010) and play a vital role in coupling the receptors with downstream effectors (Mao et al., 2005; Jung et al., 2007; Won et al., 2009) . Disrupted interaction between mGlu5 and the long isoform of Homer leads to deficits in mTOR signaling, protein translation, as well as synaptic plasticity in the FMR1 knockout mouse model (Ronesi and Huber, 2008; Ronesi et al., 2012) . We found that the Akt-mTOR phosphorylation was increased under basal conditions in the GluD1 KO. In addition, we found that MPEP reduced these basally higher levels, and both the Akt-mTOR pathway and protein translation were saturated and did not respond to DHPG (Fig. 5) . The basally overactive mGlu5 signaling may be explained by a disruption in the normal conformation and interaction of mGlu5 with scaffolding proteins in the absence of GluD1. Alternatively, the increase in glutamatergic neurotransmission in GluD1 KO (Gupta et al., 2015) may lead to basally higher activation of mGlu5. These two mechanisms can also independently explain the impaired mGlu5 and long-form Homer interaction in GluD1 KO. Specifically, loss of GluD1 may directly affect mGlu5 interaction with long-form Homer, or Homer1a may be upregulated due to higher synaptic activity and then sequester mGlu5 and reduce interaction between mGlu5 and long-form Homer. Since a shift toward greater mGlu5 and Homer1a interaction favors constitutive activity of mGlu5 (Ango et al., 2001) , this may explain the upregulated Akt-mTOR signaling in GluD1 KO. Further studies are needed to discriminate the precise mechanism underlying the upregulated mGlu5 signaling due to loss of GluD1.
Phenotype Arising Due to Deletion of GluD1 and Relevance to Neurodevelopmental Disorders. We found a deficit in early developmental processes, including dendritic spine pruning and switch in NMDA receptor subunit in GluD1 KO mice (Gupta et al., 2015) . In addition, we previously demonstrated that GluD1 KO exhibits social-interaction and reversal-learning deficits and repetitive behaviors which are core features in several neurodevelopmental disorders, in particular autism spectrum disorders (ASDs) (Yadav et al., 2012 (Yadav et al., , 2013 Gupta et al., 2015) . A recent study demonstrated that neurons derived from induce pluripotent stem cells from Rett syndrome patients exhibit an upregulation of GluD1 (Livide et al., 2015) . Mutations in the methyl CpG binding protein 2 (MeCP2) gene, which leads to loss of function and/or expression of MeCP2 protein, are the primary cause of Rett syndrome (Amir et al., 1999) . Additionally, mutations in cyclin-dependent kinase-like 5 (Cdkl5) also produce Rett-like syndrome. The neuropathologies in the MeCP2 KO model of Rett syndrome include a reduction in dendritic spine density, lower glutamatergic synapses, and a shift in excitatoryinhibitory balance toward greater inhibition (Dani et al., 2005; Nelson et al., 2006; Chao et al., 2007; Blackman et al., 2012; Na et al., 2013) . Reduction in spine density is also observed in brains from Rett syndrome patients (Chapleau et al., 2009) . The majority of these features in animal models are reproduced in patients with MeCP2 mutation-derived neurons using the induced pluripotent stem cells (Marchetto et al., 2010) . Moreover, using induced pluripotent stem cells, another research group identified that patient-derived neurons that carried mutations in MeCP2 and cyclin-dependent kinase-like 5 exhibit a common upregulation of GluD1 subunit expression (Livide et al., 2015) . In addition, they found that MeCP2 binds to the promoter of the GRID1 gene that codes for GluD1 and may therefore regulate its expression. Interestingly, several synaptic phenotypes in MeCP2 KO and patientderived neurons are in stark contrast to those we have found in GluD1 KO; specifically, GluD1 KO exhibit higher dendritic spine density, higher number of excitatory synapses, and higher excitatory neurotransmission (Gupta et al., 2015) . In addition, behavioral phenotypes, such as hyperactivity, lower anxiety-like behavior, and enhanced working memory, observed in GluD1 KO mice (Yadav et al., 2012 (Yadav et al., , 2013 ) also partly contrast to behaviors previously reported in the MeCP2 KO Our results demonstrate that GluD1 and mGlu5 colocalize at hippocampal synapses, and loss of GluD1 leads to a higher basal mGlu5-mediated Akt-mTOR signaling and impaired mGlu5 interaction with long-form Homer as well as a deficit in AMPA receptor (AMPAR) internalization. DAG, diacylglycerol; PKC, protein kinase C; PLC, phospholipase C.
GluD1 Regulates mGlu5 Signaling model (Calfa et al., 2011; Guy et al., 2011; Castro et al., 2014) . In this study, we found that GluD1 KO have upregulated AktmTOR signaling (Fig. 1) , which is in contrast to the lower AktmTOR pathway activation in MeCP2 KO (Ricciardi et al., 2011) . Thus, MeCP2 KO and GluD1 KO appear to be on the opposite ends of the neurodevelopmental disorder spectrum, supporting the hypothesis that upregulation of GluD1 in Rett syndrome may partly underlie the synaptic and behavioral phenotypes.
Our present studies are also relevant to the mGluR hypothesis of autism, which proposes that dysregulation of mGluR function is a critical neuropathology in ASDs (Bear et al., 2004) . Abnormalities in mGlu5 signaling in the hippocampus have been reported in several models of ASDs, in particular the FMR1 KO model and mGlu5 antagonist reverse molecular and behavioral deficits in FMR1 knockout mice, and have also been tested in clinical trials for fragile-X patients, with some promising results (Dölen et al., 2007 (Dölen et al., , 2010 Jacquemont et al., 2011) . Our data demonstrate that GluD1 is an important regulator of mGlu5 signaling and protein synthesis, and further analysis of the roles of GluD1 is necessary to fully understand its contribution to central nervous system physiology and neuropsychiatric disorders.
